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INTRODUCTION 
This report describes progress made in the last six months of the second 
year of the grant (1 August 1977 to 31 January 1978). A combination annual 
(first year) and interim progress report (Changnon and Huff, 1977) was provided 
to the National Science Foundation in December 1977. That report summarized 
all aspects of the field and analysis program for both the first year (February 
1976 - January 1977) and for the first part of the second year (February 1977 -
July 1977). This previous report contains detailed descriptions of the field 
activities for 1 February 1977 up through October 1977. 
A brief review of the goals and objectives of this research project are 
presented below. 
Goals 
The major goals of the project have been as follows: 
1. To develop a real-time prediction and monitoring system and 
methodology for specifying rainfall quantity over the urban 
area using a weather radar. 
2. To provide precipitation data and information for hydrologic 
and water quality models and for use in the design of 
hydrologic systems. 
3. To establish methods and techniques for transferring the 
Chicago area findings to other cities, so as to optimize 
precipitation measurement systems. 
Objectives 
There are various specific objectives of the Chicago Hydrometeorological 
Area Proj ect (CHAP). The first of these focuses on the development of better 
and more detailed rainfall relations for both point and areal mean rainfall 
so as to meet and improve design requirements for storm and sanitary sewer 
systems. This is being met by using the dense raingage network data. The 
second objective is to develop statistics on rainfall distributions, in time 
and space over urban and suburban areas of varying size, for use in water 
quality models. This is accomplished by using the historical rainfall data 
in combination with the current raingage network data. 
The third objective of CHAP is to develop an interface for a digital 
weather radar system and the MSD water resources operational system so the 
radar results can be used by MSD personnel. Radar operations and signal 
processing have been geared to developing data which will permit operators in 
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the MSD water resource system to make better decisions, both about the 
likelihood of approaching rainfall as well as the rainfall quantity actually 
occurring over various basins of the urban hydrologic system. 
The fourth objective of CHAP has been to analyze the raingage and radar 
data so as to develop criteria for determining optimum rain measurement systems, 
involving either, or both, radar and raingages in other cities. At the end of 
the third year, recommendations relating to operations, gage densities, 
digitization, level of automatic control, and other criteria were to be provided 
in light of specific locales and climatic differences of major cities. The 
final objective of CHAP, also to be carried out as a third-year task, involves 
transferral of the pertinent results, both to the local and regional interests 
in the Chicago area, and to national interests in private practice or in 
governmental entities in urban water resources. 
The study area for CHAP is shown in Figure 1. The sites of the 320 
recording raingages are shown, along with the site of the project's radar, 
labeled as HOT (Hydrometeorological Operational Tool). 
Stoppage of Project 
At the time of the preparation of this report (March 1978), NSF had not 
provided the third-year support required to complete the research. In fact, 
to the best of our knowledge, our proposal for the third year had not even been 
sent out for review. 
The need for three years to accomplish the research was made very clear 
1) in the preliminary project plan-proposal prepaired in 1975 and discussed at 
NSF, and 2) in the major scientific proposals subsequently submitted to NSF 
for the first, second, and third years of the proposed research. As a result, 
we have been forced, without any written notification, to unexpectedly cancel 
the final testing and planned demonstration of the applicability of the real-time, 
prediction-monitoring system being developed as part of the research. This final 
phase of the research was to have been carried out in cooperation with the 
Metropolitan Sanitary District of Greater Chicago during the summer 1978. 
Furthermore, withdrawal of the third-year support has necessitated stopping 
or severely limiting several other phases of the work, since it has been 
necessary to terminate unexpectedly the services of several key scientists 
on the project. 
Most of the research and field activities completed to date has been 
summarized in three earlier major project reports. These are 1) Report of 
Investigation 82 which treated the initial background studies of historical 
rainfall data; 2) the First Interim Report, which covered the research in 
February-September 1976; and 3) the Annual and Interim Report dated December 
1977. 
Summarized in this progress report are additional results derived from 
various analyses during the last six months of the second year. Limited analyses 
will continue on some aspects of the research during the 6-month flexibility 
Figure 1. Study Area and Facilities for Chicago Area Hydrologic Project. 
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period (1 February 1978 - 31 July 1978) utilizing State of Illinois and remaining 
grant funds. If no funding for a completion year is forthcoming, a final report 
based on tentative conclusions derived from the uncompleted research of the 
first two years will be prepared. 
RADAR-RAINFALL ANALYSES 
One of the basic goals of the CHAP Project has been to develop a real-time, 
prediction-monitoring system through use of a combination of radar and raingage 
measurements of precipitation in storms as they approach and cross an urban 
area. Radar can serve as a multi-purpose tool in the prediction and monitoring 
of heavy storm events which are a major problem in the operation of urban 
storm-sanitary sewer systems. Radar is extremely valuable in identifying 
storm systems as they develop and approach the urban area. The radar alone 
can provide certain essential operational information to the urban hydrologist 
concerning the location of the storm system, its direction and speed of 
movement, its areal extent, its probable duration over the area of interest, 
and the relative (but not absolute) rain intensity. 
Optimization of radar use in urban hydrology requires development of 
methods to measure better the actual intensity of rainfall in storm systems 
and objective techniques for predicting the occurrence of heavy storms and 
monitoring their output. This would allow the hydrological operational center 
to initiate standby procedures for alleviating flash flood damages associated 
with such storms much more effectively than can be achieved presently. A 
major goal of the CHAP research is 1) to solve the foregoing problem by 
utilizing a combination of 10-cm radar, telemetered recording raingages, and 
on-site computer to measure storm rainfall intensities on a real-time basis, 
and 2) to develop objective techniques utilizing the radar and on-site computer 
to track radar echoes (storm entities) continuously and perform real-time 
computations of the critical parameters, such as intensity, velocity, areal 
extent, and changes taking place in any of the essential parameters when the 
urban area becomes exposed to the storm system. 
The various instrumentation and techniques employed in solving the basic 
problems of our research have been amply described in previous reports and 
papers (Changnon and Huff, 1976; Changnon and Huff, 1977; Huff and Towery, 1978), 
and, therefore, will not be repeated here. As we have pointed out in previous 
reports, satisfactory progress has been made in development of the prediction-
monitoring system in preparation for the third-year demonstration project in 
association with the Metropolitan Sanitary District which operates the Chicago 
storm-sanitary system. In the following paragraphs, we will summarize activities 
on the radar-rainfall analyses which have transpired in the last three months of 
the second year of Grant ENV76-01447. Activities during the first 9 months were 
covered in last interim report (Changnon and Huff, 1977). 
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Measurement of Rainfall Intensity 
Detailed analyses have been made for 12 moderate to heavy rainstorms 
on the CHAP raingage network during 1976-1977 in conjunction with development 
of the real-time measurement system utilizing a combination of radar and 
raingages. Testing was done for rainfall periods of 30 minutes and 60 minutes 
which are measurement frequencies that would be needed in the Chicago operations. 
In general, results for eight 1977 storms supported those obtained previously 
for four 1976 storms (Changnon and Huff, 1977). These results show that the 
use of radar-raingage combinations can substantially improve measurement of 
the time and space distribution of rainfall intensity over that achievable 
with raingage networks that are operationally feasible in most urban areas. 
The 1976-1977 analyses have led to certain tentative conclusions and 
recommendations regarding criteria for quantitative estimates of rainfall 
intensity within operationally acceptable limits. For prediction purposes, 
it is essential to have quantitative estimates of rainfall intensity in storms 
before they reach the urban area. For this purpose, our studies indicate in 
the Midwest one should have telemetered recording gages spaced approximately 
16 km (10 mi) apart. The average measurement error should then be in the range 
from 20% to 30% which will be very useful for predicting rainfall expectated 
over the urban area. These gages should be located within distances of 30-35 
km (20 mi) in the directions from which most storms move. This would be from 
south through west to northwest in the Chicago region. Installation of the 
telemetered gages would be required by the city, since the raingage density 
of the climatic network of the National Weather Service does not meet these 
specifications. For initial estimates of the rainfall beyond the telemetered 
gages, use should be made of a climatic-derived radar-rainfall equation for 
the region of interest. This would be an equation containing an average 
adjustment factor for the radar-observed rainfall field, based upon observed 
relationships between unadjusted radar and raingage measurements of rainfall. 
Within the urban area, greater accuracy in the measurement of rainfall 
would be needed than in the periphery region where the measurements would be 
primarily for prediction purposes. Here, our studies indicate the telemetered 
raingage density should be increased to one gage every 8-11 km (5-7 mi) if 
possible. However, even a lesser density, such as recommended for the 
surrounding rural area, would be quite helpful in interpreting the rainfall 
intensity distribution within the urban area beyond that achievable with the 
urban raingages. In urban areas, a major problem is obtaining proper exposure 
for raingages because of the built-up areas, and measurement accuracy 
deteriorates quite rapidly when satisfactory exposure criteria are not met. 
Another important finding from our studies to date is that with an 
effective radar adjustment procedure, measurement accuracies for 30-minute 
amounts are approximately the same that others have found for total storm or 
daily rainfall (Wilson, 1976). The spatial relative variability is normally 
greater within partial storm than in total storm periods. This results in 
greater sampling errors when measurements are required over short intervals, 
such as the 30 minutes being used in the CHAP project. Measurements over 
short time intervals are essential for effective operation of urban hydrologic 
systems. 
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EVALUATION OF ECHO TRACKING PROGRAM 
Introduction 
A major problem in achieving reliable predictions of storm rainfall 
distribution with radar is the real-time tracking and analysis of the radar 
echoes (convective entities) as they approach and cross the region of interest. 
The component parts of a storm system often exhibit relatively large variability 
in velocity, intensity, and other pertinent properties that determine the storm 
output in a given area. One method that has shown promise for solving this 
problem is the echo tracking scheme that was developed in conjunction with 
the Florida Area Cumulus Experiment (FACE) in weather modification (Woodley 
et al., 1974). This tracking program was not devised for real-time prediction, 
but has basic properties that make it potentially applicable to the CHAP 
problem with certain modifications and additions. Initial findings in adapting 
this program to our use are summarized in the following paragraphs. This work 
has now been suspended because third-year funds had not been provided at the 
end of the second year of the grant, and it was necessary to terminate the 
services of the meteorologist carrying out this phase of the research on 28 
February 1978. Results to date indicate that the echo tracking program of 
FACE can be used for real-time operations, but some further refinement and 
testing of the tracking procedures would be desirable before putting it in 
to routine use. 
Approach to Problem 
The FACE echo tracking program was designed as a bookkeeping tool which 
would record the location, area, rain rate, rain volume, and the direction 
and speed of motion of individual radar echoes in sequential fields of digitized 
data. Tracking echoes with time required that merging, splitting, growth and 
decay processes be documented. This has been accomplished and was noted by an 
identification number and status classification for each echo. The possible 
status types included: new, result of a merger, result of a split, tracked, 
lost, lost because of merging and lost because of splitting. 
A merger has been defined here, as the consolidation of two or more 
previously separate echoes at the 5 mm-hr-l isopleth of rain rate. The splitting 
of an echo into two or more components also occurred at the minimum threshold 
of 5 mm-hr-1. This rain rate criterion does not imply a time and rain intensity 
when separate echoes begin to physically interact. As heavy rainfall, greater 
than 1.25 cm-hr-1 or 0.5 inch-hr-1, is the focal point of the Chicago storms, 
5 and 10 mm-hr-1 thresholds have been considered. The 5 mm-hr-1 threshold was 
employed, as it allowed the retention of the echo field pattern, while the 
10 mm-hr-1 threshold reduced the continuity between consecutive radar scans. 
An area threshold of 61 km2 (24 mi2 or 6 grid points) was imposed, as well as 
the rain rate threshold, to eliminate the smaller, short lived (<15 minute) 
echoes. 
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Seven Chicago storms have been analyzed by the FACE tracking scheme 
(Table 1). Echoes found in the instantaneous fields of digitized radar data 
were tracked between intervals of approximately 15 minutes. The echo 
characteristics described above were tabulated for the echoes in each time 
interval. Also, digitized maps of radar fields were provided. 
Table 1. CHAP Storms Included in the FACE Evaluation. 
No. of Time 
Storm Date Storm Period Intervals 
20 July 1976 1544-2356 CDT 36 
17 June 1977 1541-2227 CDT 26 
8 July 1977 1349-1827 CDT 19 
17 July 1977 0109-0351 CDT 11 
18 July 1977 0706-1051 CDT 14 
28 August 1977 1211-1655 CDT 19 
11 November 1977 0839-1714 CDT 35 
The first step in the evaluation of the accuracy of the tracking program 
involved a visual comparison of the FACE digitized radar echo fields with the 
same fields traced from film records of the radar echo field. This has been 
done to insure that the echoes from the radar film and the digitized radar 
images correspond. The second step in the evaluation procedure entailed an 
internal check of the FACE program to determine whether the status decisions 
made by the program were comparable to those made by an individual. 
Working with the FACE program in Florida, Westcott found that it performs 
quite well employing 5-minute time intervals (Simpson et al., 1978). However, 
real-time operations will often demand that echoes be tracked at intervals of 
15 minutes because of limited mini-computer storage. The following evaluation 
examines the accuracy of the FACE tracking scheme using 15-minute intervals. 
Visual Comparison of the Digitized and Film Data 
The radar echoes occurring in six of the seven storms processed by the 
FACE method have been traced. The FACE instantaneous maps and the film tracings 
agree well in pattern and intensity on three days: 17 June 1977, 8 July 1977, 
and 17 July 1977. There appeared to be less precise correspondence in both 
pattern and intensity on 18 July 1977. On 20 July 1976 and 28 July 1977, several 
echoes appeared in the FACE maps, but not on the tracings. This particular 
discrepancy happened because echoes immersed in ground clutter were omitted 
from the tracings. Echoes outside of the range of the ground clutter did agree 
in pattern and intensity. 
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When comparing the film data with the digitized maps, several factors 
must be kept in mind: 1) the x-direction or ordinate of the FACE map is 
elongated, though the spatial resolution remains 2 mi/grid length; and 2) the 
film rain rate thresholds do not correspond precisely to the rain rates denoted 
by the FACE maps. Taking these factors plus the ground clutter problem into 
consideration, the FACE and film maps of the storms were in good agreement. 
This finding indicates the method is adaptable to the CHAP needs. 
Comparison of the Echo Status Decisions Made by the Tracking Program and 
Individual Observer 
The FACE internal check involved 1) tabulation of the status of each echo, 
for each time interval as determined by the FACE program; 2) tabulation of the 
status decisions made by the meteorologist (Westcott) of the same echoes examined 
by the FACE program; and 3) comparison of the two sets of decisions. 
The echo status decisions of six storms have been evaluated. The 
17 July 1977 storm was not included, since the individual echoes were too 
difficult for the meteorologist to follow objectively. The line system and 
the individual cells on 17 July appeared to move in diverging directions 
with much new growth, decay, merging and splitting action present. Confusion 
between propagation and translation of individual cells, caused by the rapidly 
changing echo field, could have been alleviated by use of a 5-minute tracking 
interval. The overall line motion might better have been described by a lag 
correlation tracking scheme (described later) on 17 July. 
The remaining six storms provide 149 time intervals for the FACE internal 
check. The status decisions were made and catalogued for these time intervals. 
Table 2 presents the length of the time interval between respective radar 
sweeps, the frequency of each time interval, and the number and percent of 
intervals in which the two methods (FACE and Westcott) are in complete agreement. 
Table 2. Frequency of Intervals in which FACE and Westcott 
Agree on all Echo Status Decisions. 
Intervals with 
Total Number Complete Agreement 
Length of Interval of Intervals Number Percent 
≤l0 minutes 7 6 86 
11-20 minutes 135 88 65 
21-40 minutes 7 5 71 
Total 149 99 66 
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Agreement on all status decisions between the FACE program and Westcott 
was obtained in 66% of the time periods. The number of echoes from the 149 
time periods, in each status decision category, upon which both methods agree 
is presented in Table 3. Also presented are the number of additional "correct" 
decisions made by Westcott, and the number of questionable status decisions 
made by the FACE program. The total number of status decisions listed is 
derived by summing the decisions agreed upon by Westcott and the FACE program, 
with the decisions made by Westcott. The percent agreement between the two 
methods is calculated by dividing the agreed upon decisions by the total number 
of decisions. These calculations require the assumption that the decisions 
made by Westcott are correct. 
Table 3. Frequency of Agreement on Status Decisions (status decisions 
are stratified by echo status category). 
No. of No. of Percent 
No. of Correct Questionable Total No. Agreement 
Agreed Upon Westcott FACE of Between 
Echo Status Decisions Decisions Decisions Decisions Methods 
New echo 200 21 32 221 90 
Lost echo 193 25 47 218 89 
Tracked echo 306 15 48 321 95 
Lost merged echo 58 56 8 114 51 
Result of merged 27 26 4 53 51 
echoes 
Lost split echo 29 14 7 43 67 
Result of split 61 31 9 92 66 
echo 
Total 874 188 155 1062 82 
The FACE program and Westcott agreed upon 874 or 82% of the decisions. 
This is excellent agreement in view of the subjectivity involved in the 
evaluation. "New," "lost," and "tracked" echoes made up 72% of the total 
number of echo status decisions. These appear to be the most reliable 
decisions with 89 to 95% agreement between methods. The merging and splitting 
echo events, though more infrequent are also more complex. Two or more echo 
fragments are involved in splits and mergers. The fragments could easily be 
confused with new growth, particularly in dealing with 15-minute time intervals. 
The FACE program employing a 15-minute tracking interval, correctly 
selected the status of echoes in 82% of the cases (Table 2). The majority 
of the decision errors occur when splitting and merging action is involved. 
Many of the tracking errors could be eliminated by shortening the interval 
between consecutive radar frames. The echo field changes rapidly and 
propagation, new growth and decay are sometimes difficult to distinguish from 
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translation, persistance, merging and splitting. Certainly, a time interval 
greater than 15 minutes would not be meaningful for an individual echo tracking 
scheme, Thus, it is concluded that the radar rainfall field must be analyzed 
at intervals of 15 minutes or less for effective utilization of radar in 
real-time monitoring and prediction for urban hydrologic operations. 
EVALUATION OF LAG CORRELATION PREDICTION TECHNIQUE 
Another method that has been used to a limited extent in the past for 
predicting radar echo motion is the use of lag correlation techniques. It was 
anticipated that this method, which is less complex than the FACE echo tracking 
method, would be used to track and analyze storm echo characteristics as a 
system approached the urban area. As it reached the periphery of the urban 
area, where more detailed storm information is needed for prediction, the FACE 
type of monitoring-prediction would be initiated. Therefore, it was deemed 
desirable to evaluate the potential of the lag correlation technique for use 
in the urban real-time radar prediction system. This study has not been fully 
exploited for the same reason that the FACE evaluation has not been entirely 
evaluated. That is, the lack of funding of the project for the scheduled third 
year compelled us to release the scientist who was pursuing the lag correlation 
development before completion of the task. 
Most of the evaluation concepts used in our limited evaluation were those 
suggested by Austin and Bellon (1974). These will only be reviewed briefly here, 
since a thorough explanation is available in the referenced paper. 
Determination of System Velocity 
The 1977 radar data were used in this effort. The data were divided into 
time "frames", each separated by 15 minutes. Each frame consists of a 64 by 64 
grid of instantaneous rainfall rate measurements calculated from one radar scan. 
The grid spacing was 3.25 km (2 statute miles), and the origin was located at a 
point 125 km west and 50 km south of the radar. 
The system velocity was determined by calculating the cross correlation 
between two radar frames. One of the frames is then lagged, or moved one or 
more grid spaces in the x or y direction and another coefficient is calculated. 
Each coefficient was stored in a 21 by 21 correlation matrix. This permitted 
the system to move ±10 grid spaces between frames. If a previous velocity had 
been calculated, it was used to offset the matrix in the direction the system 
was expected to move. It would have required the calculation of 441 coefficients 
to fill the matrix. The actual number calculated was considerably less as 
described later. The position of the largest number in the matrix indicates 
the displacement of the system during the time between the two radar frames. 




In January 1978, the basic program described above was extended to use 
the system velocities for projecting the most recent time frame into the future. 
Predictions for 1, 2, 4, and 8 time frames (15, 30, 60, and 120 minutes) were 
made and temporarily stored on direct access files. The predictions assumed no 
change in velocity, size, or intensity of the echoes. Obviously, this could 
only provide a first approximation of the storm system movement. 
Each time the program read a new frame of radar data, it checked the 
direct access file to determine if there were any predictions stored for that 
frame. When one was found, it was read in for comparison with the actual radar 
data. Several techniques were used in this comparison. A truth table was 
compiled in which (actual, forecast) pairs of grid points were stratified into 
all possible combinations of actual and forecast intensities. This reveals 
how many times each intensity was correctly or incorrectly forecast. The truth 
table verification was based on 10-km2 areas. 
The second method of verification addresses the problem by dividing the 
grid into 650-km2 areas and calculating the forecast and actual areal mean 
rainfall rates for each of the 64 areas. The third comparison technique was 
to re-apply the lag correlation routine between the actual and the forecast 
frames. 
The zero lag coefficient from the correlation matrix indicates how well 
the forecast matched the actual rainfall distribution. The maximum value in 
the matrix is located where the best possible forecast would have been located, 
given the steady state assumption. This maximum value is referred to as gamma 
optimal. The zero lag coefficient is referred to as gamma. The following 
quantities were archived for later summary: gamma, gamma optimal, the location 
of gamma optimal, the displacement used in making the forecast, the time at 
which the forecast was made, the grid spacing, the correlation coefficient 
which was found in making the velocity estimate, the truth table of rain rates, 
and the arrays of predicted and actual areal means. 
Implementing these comparison schemes required the revision of the lag 
correlation routine. Since the longer term predictions can have rather large 
spatial errors, it was necessary to allow the correlation routine to shift the 
grids over a larger number of grid spaces to find the location of the optimal 
forecast. It would have been impractical to allow the program to calculate 
all 441 coefficients in the correlation matrix, so a correlation program similar 
to the one used by Austin and Bellon (1974) was developed. It first shifts the 
grid over a ±4 range in which every other grid point is skipped. The maximum 
coefficient in then located, and if it is on the edge of the ±4 matrix, the 
matrix is extended four grid spaces in that direction. Then a fine resolution 
(every grid point) 3 by 3 matrix centered on the maximum is calculated. The 
new maximum is found, and if it is on the border of the 3 by 3 matrix, the 3 
by 3 matrix is extended two grid spaces in that direction. This technique 




The summary program read the data saved by the evaluation program, stratified 
them by forecast length, and printed out the final result. Seven days of data 
from 1977 were included during which 514 forecasts were made. The summary program 
was applied to all days combined, and then on each day separately. Quantities 
printed by the summary program are: times at which forecast was made and 
verified, forecast length (min), correlation obtained in estimating system 
velocity, gamma, gamma optional, ratio of gamma to gamma optional, distance 
traveled by the storm system during forecast period, spatial error, the x and 
y components of the spatial error, the x and y components of the forecast 
displacement, the spatial down range and cross range error, number of grid 
points actually having rain of 2 mm/hr or greater, number of grid points having 
predicted rain of 2 mm/hr or more, average percentage error of the predicted 
areal means for the 650-km2 subareas, and the number of cases used in computing 
the mean percentage error. 
The summary program reads all the forecasts supplied to it and prints out 
the quantities listed above for each forecast. At the same time, it sorts the 
forecasts by forecast length. After reaching the end of the input data, the 
average values for most of the above quantities are printed. Then the total 
truth table is printed. This is the sum of all the truth tables read in. 
Next, a rain-no rain truth table is printed for the areal mean forecasts. 
Rain is defined as an areal mean rate of 0.5 mm/hr or greater. Then several 
mean rain rates are printed. These include the mean for those grids where rain 
was predicted and no rain occurred, the mean for those areas where no rain was 
predicted and rain occurred, and the mean for those where rain was predicted 
and did occur. Then, the average absolute error for all areas which had both 
predicted and actual rain of 0.5 mm/hr or greater is printed. The whole summary 
process is then repeated with the forecasts grouped by forecast length. For 
example, 15-minute forecasts are printed out and averages calculated. 
Results 
The set of programs described above was used twice on the seven days of 
data. First, forecasts were made on the basis of two frames 15 minutes apart. 
Next, forecasts were made on the basis of two frames 30 minutes apart. In the 
latter case, no 15-minute forecasts were made. With a 15-minute base and 
3.25-km grid spacing, the velocity resolution is 13 km/hr in each axis. With 
30-minute forecasts the resolution is 6.5 km/hr. 
Results of the limited testing of the technique are encouraging. In 
predicting a simple rain/no-rain forecast in unit areas of 660 km2, the scheme 
was 90% correct for 15-minute predictions and 70% correct for 2-hour predictions. 
In predicting rainfall amounts over 2.5 mm (0.1 in.) in these areas, the 
accuracy was 70% for 15-minute forecasts, but decreased rapidly to 40% for 
2-hour predictions. 
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In general, it appears that the lag correlation method provides a good 
estimate of echo velocities, particularly in the relatively heavy storms which 
tend to move more uniformly than light storms. The heavy storms, of course, 
are those of major interest in the urban hydrologic applications. However, 
before putting this method into routine operation, it would be necessary to 
implement the present simple system with provisions for computing areal and 
rain intensity growth with time, velocity smoothing at beginning and end times, 
and some form of compensation for problems that arise at the grid square edges 
in the present computational method. With certain additions and. modifications, 
it is concluded that the lag correlation method could be successfully used in 
the manner originally planned; that is, for prediction guidance as a storm 
approaches the urban area. 
HYDROMETEOROLOGICAL ANALYSES OF NETWORK RAINFALL 
A preliminary analysis has been performed on all rainstorms within the 
CHAP network which had rainfall in excess of 25 mm (1 inch) to determine 
preferred storm orientations, shapes, and the relation between point rainfall 
and areal mean rainfall. Results are summarized below. Also the progress on 
other hydrometeorological analyses underway are presented. 
Orientation and Shape of 25-mm Rainstorms 
The orientation of rainstorms having rainfall in excess of 25 mm (1 inch) 
is very important to the urban hydrologist. For example, if the major storms 
are most frequently oriented parallel to the drainage system, runoff will be 
enhanced and the carrying and storage capacity of the system must be greater 
than if such storms moved perpendicular to the system. The orientation of a 
storm is also indicative of direction of motion of the major convective entities 
within a storm, and thus, provides additional information which can be utilized 
in the routing of storm water. Many sewer systems within major metropolitan 
regions are combined; i.e., both sewage and storm water are carried within the 
same system. When heavy rains occur and overload the sewer system, treatment 
plants are unable to handle the overburden and must release untreated effluent. 
As more stringent water quality standards are initiated, larger and more 
sophisticated routing systems for the storage and handling of runoff will be 
needed. Thus, it becomes important for the urban hydrologist to be able to 
model in more sophisticated ways the precipitation which falls within urban 
basins and sub-basins. 
The orientation of the 39 25-mm storms which fell within the CHAP network 
during the summers of 1976 and 1977 are shown in Table 4. Since most storms 
in the northern mid-latitudes have a westerly component, the orientation ascribed 
to these storms range from south to west to north. For example, if the major 
axis of the heaviest rainfall within the network was from 225° to 045°, the 
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storm was considered to move from the southwest to northeast. The most 
frequent orientation of the major rain axis was from W-E with 10 storms, and 
nearly 67% of all the 25-mm storms moved from the SW through W. This compares 
very favorably with an earlier CHAP study conducted by Huff and Vogel (1976) 
for 24-hour storms with point rainfall in excess of 6.35 cm (2.5 inches) in NE 
Illinois. In these storms 68% of the storms moved from the SW to W. These 
data were derived from the historical data available from the NWS climatic network 
plus a more dense urban network in the Chicago region. Other studies for Illinois 
(Huff and Semonin, 1960; Huff and Stout, 1962; Huff, 1967) have shown that 
approximately 55 to 60% of the heavy rainstorms within Illinois tend to move 
from the SW through W. Thus, there is a tendency for even a larger percentage 
of the storms in northeastern Illinois to move from the SW through W than in 
other regions of the state. 
Table 4. Orientation of 25-mm Storms for Summers of 
1976 and 1977 within CHAP Network. 
Percent 
of 
Orientation Frequency Total 
S-N 1 2.5 
SSW-NNE 1 2.5 
SW-NE 9 23.1 
WSW-ENE 7 18.0 
W-E 10 25.7 
WNW-ESE 5 12.8 
NW-SE 6 15.4 
NNW-SSE 0 0.0 
The shape of the CHAP 25-mm rainstorms was determined using definitions 
developed by Huff (1967) for a 640 km2 (400 mi2) dense raingage network 
located in Central Illinois. The storms were classified as open or closed 
elliptical, multicellular, or banded. The elliptical patterns were considered 
open if they did not have a closed center and had elongated patterns of isohyets 
outward from a single region and were situated near the border of the network. 
Multicellular patterns were characterized by several closed centers within 
the network, and banded patterns produced two or more bands of heavy rainfall 
separated by light rainfall. 
Within the CHAP network 18 of the 39 storms (46%) displayed open or 
closed elliptic patterns. Only 4 storms (10%) exhibited a banded pattern and 
17 (44%) were multicellular. The frequency of the elliptical storm shapes in 
NE Illinois and Central Illinois is similar. Huff found that 51% of all storms 
were elliptical, compared to 46% in the CHAP network. However, only 25% of 
the storms observed in Central Illinois were multicellular, whereas within 
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the CHAP network 44% of all storms were multicellular. Thus, the storms in 
NE Illinois from this two-summer sample appear to be more complex in their 
spatial structure than storms in Central Illinois. Along with orientation, 
storm shape is related to the degree of basin flooding. 
Relation Between Point and Areal Mean Rainfall Frequencies 
An important parameter to urban hydrologists and urban planners is the 
frequency distribution of heavy rainstorms of various intensity and duration. 
The frequency distributions of point rainfall is readily available in published 
reports (Huff and Vogel, 1976; Hershfield, 1961). Of even greater importance 
is the frequency distribution of areal mean rainfall in heavy storms. However, 
raingage networks of sufficient density to derive this information have seldom 
been available in the past. This problem can best be solved by relating point 
and areal mean rainfall relations through use of data for relatively short 
periods of time collected on the very few dense networks adequate for this 
purpose. Then, this relationship can be used in conjunction with long-term 
point rainfall data to provide estimates of areal mean rainfall frequencies. 
Earlier studies (Huff, 1956; Hershfield, 1961) had shown the applicability of 
this approach. Therefore, data collected on the CHAP network in 1976-1977 
were used to determine point-areal mean rainfall relations in the large urban 
area of Chicago and to determine whether the relationship varied significantly 
from the rural relations derived in the earlier study. 
For this study, five subnetworks (subareas) were selected within the CHAP 
raingage network. These are shown in Fig. 2. These subnetworks have areas 
ranging from 600 km2 to 1150 km2. Each subarea has a central raingage with a 
nest of gages surrounding it. Two of the subnetworks (1 and 4) are within 
the urban region, a third (3) is located in a suburban to semi-rural area, and 
the other two (2 and 5) are in rural areas. 
The relation between the point and areal mean rainfall for the CHAP 
25-mm storms was obtained in the following manner. The point rainfall was 
obtained from the raingage in the center of the area, and the areal mean 
rainfall was obtained by averaging the rainfall in nests of 200, 600, and 
1150 km2. To qualify for this analysis, the average rainfall in one of the 
nests surrounding the central gage had to be greater than 0.64 cm (0.25 inch). 
The point rainfall, represented by the central gage, was ranked from high to 
low to obtain the point frequencies, and the areal mean rainfall was ranked 
similarly to obtain the areal frequencies. 
Each subnetwork was analyzed separately to determine if there was any 
difference between the individual subnetworks. To investigate differences 
between storm durations, the storms were divided into three groups: less 
than 6 hours, 6 to 12 hours, and greater than 12 hours. Regression equations 
were used for each subnetwork and storm sets to determine differences between 
subareas. Only minor variations could be discerned between subareas, but 
significant differences occurred between storms of different durations. 
Consequently, the various subnetworks were merged into one data set and 
analyzed for different durations. 
Figure 2. Subnetwork Locations Used in Point Rainfall and 
Areal Mean Rainfall Relations Study. 
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The data sample of two years is insufficient to establish firmly the 
relationship between point and areal mean rainfall frequencies in the Chicago 
region. Allowing for relatively large sampling errors in the 2-year sample, 
the results do not indicate a significant departure from those established 
earlier from larger data samples in other areas. The established relations 
show that the ratio of areal mean rainfall to point rainfall frequencies do 
not vary significantly when rainfall amounts (storm intensity) exceed 25 mm 
(1 in.), which are the storms of hydrologic importance. However, they do vary 
substantially with storm duration and the area assumed to be represented by 
the point rainfall. These relations are summarized in Table 5, since they 
are considered to be representative for both urban and rural areas. 
Table 5. Ratio of Areal Mean to Point Rainfall Frequencies 
in Heavy Storms. 
Storm 
Period           Ratios for Given Area (km2) 
(hours) 25 100 200 500 1000 
1 0.92 0.85 0.79 0.74 0.70 
3 0.96 0.92 0.89 0.84 0.81 
6 0.97 0.94 0.90 0.87 0.84 
12 0.98 0.96 0.92 0.90 0.88 
24 0.98 0.97 0.94 0.93 0.91 
Progress of Other Hydrometeorological Analyses 
Various analyses are being performed for each network storm when a point 
rainfall amount of 25 mm or more in 6 hours or less occurs, or if the rain 
at a point exceeds 12.5 mm in 1 hour or less. At this time: 
1. All storms have been identified and computer printouts of 
the gage amounts are being prepared for storm isohyetal 
patterns. 
2. Synoptic typing has been completed for all qualifying 
storms through June 1977. The data for the remainder of 
1977 have not arrived from the National Climatic Center 
and the analysis will be completed as soon as the data 
becomes available. 
3. The computer programming for time distribution curves 
according to a procedure initiated by Huff (1967) has 
been completed. 
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4. The computer programming for area-depth analyses of all 
qualifying storms is nearing completion. 
5. A program to derive a frequency analysis of all rainfall 
events for periods from 15 minutes to 24 hours which are 
in excess of the 2-year point recurrence events, as 
defined by Huff and Vogel (1976) in an earlier CHAP 
report, is nearing completion. 
6. Raincell analysis (Schickedanz, 1974) of 5-minute rainfall 
amounts over the CHAP network are being performed to 
define in detail the storm motions occurring within heavy 
storms. 
Rainfall data from the METROMEX network are being incorporated into the 
area-depth and time distribution studies of CHAP because an initial analysis 
by Huff and Vogel (1977) indicates that there are no significant differences 
in the time and spatial distribution characteristics of rainstorms in the 
St. Louis and Chicago urban regions. 
As part of our urban hydrometeorological studies, analyses are being 
made also of the distribution of rainfall preceding (antecedent rainfall) 
heavy storms. This factor is of considerable importance in optimizing the 
design and operational features of urban hydrological systems. Some earlier 
work was done in this direction at the Water Survey through use of data from 
dense rural networks, and these findings will be incorporated with the 
results of the CHAP study. 
Another study is concerned with the frequency of dry periods which 
is becoming of increasing importance in urban and rural areas because of 
surface pollution problems that tend to intensify during no-rain periods. 
Historical data from the Chicago area gages are being used in this study 
in order to obtain long records to establish frequency relations. Fortunately, 
areal mean rainfall is not a necessary input to this study. 
The studies listed above are underway, but none are completed. These 
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